In this paper, in order to clarify the tribology between diamond-like carbon (DLC) and metals under water lubricated conditions, nano-indentation and shear strength measurements for the tribo-layers were attempted in water. Stainless steel (AISI 630) and brass (P31CHL) with the tribo-layer formed by rubbing against the DLC were cut and immersed in the water, and then, the indentation and shear strength measurements were carried out with the Berkovich type indenter and a spherical indenter. The nano-indentation measurement showed that the tribo-layer in the water is a water-absorbing, gel-like product. The shear strength measurement indicated the value between a few MPa and 10 MPa.
Introduction
The tribo-layer plays critical role in boundary lubrication. The formation process is highly complicated since it depends on materials, environments, sliding conditions, localized contact pressures etc 1) . Observations with the scanning electron microscope (SEM) and optical microscope, and the element analysis with the electron probe micro analyzer (EPMA), Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) etc. have been conducted to obtain the morphological and chemical information of the tribo-layer 2, 3) . Recently, making use of the nano-probe techniques demonstrated great success for the determination of the mechanical properties (hardness, friction etc.) of the tribo-layer 4, 5) . It has also shown that the tribo-layer is very important for the diamond-like carbon (DLC) coated surfaces 6, 7) , which is the topic of great interest in the industry today. Researchers have studied tribology of the DLC rubbed against stainless steel and brass in the water and results have shown that the friction and wear are strongly affected by the tribo-layer formed on the metal counter surfaces, which varies depending on the dissolved ions and the water temperature 8, 9) . It was assumed that the tribo-layer has a gel-like structure and prohibits the direct contact between the DLC and metal if it is formed properly. To prove this assumption, evaluations of mechanical properties, such as hardness and shear strength, of the tribo-layer in the condition as it was formed, specifically in the water, are needed.
In this paper, in order to clarify the mechanical properties of the tribo-layer in the actual test condition, the nano-indentation and shear strength measurements were attempted in the water.
Experimental details
Specimens with the tribo-layer were prepared by the wear tester with a rotating three-balls vs. disk type configuration slid at a constant sliding speed of 0.4 m/s in water 8) . The water environment can be controlled in terms of the water temperature, dissolved oxygen and Fig. 1 Schematic diagram of the test apparatus for the indentation and shear strength measurements water pressure. The ball specimens (9.5 mm in diameter) were made of AISI 630 stainless steel (Fe-17Cr-4Ni-4Cu-1Nb, hardened in the H900 condition) and type P31CHL brass (Cu-26Zn-3al-2Ni). The DLC with 1 µm thickness was deposited by an unbalanced magnetron sputtering system. The hydrogen content of the DLC was determined as 30 at.% by the electric recoil detection analysis (ERDA). The values of the nano-indentation hardness of the stainless steel, brass and DLC were 6.2 GPa, 2.9 GPa and 16 GPa, respectively.
A schematic diagram of the test apparatus for the indentation and shear strength measurements is shown in Fig. 1 . The nano-indenter and scratch tester are the ones with the capacitive transducer system attached in an atomic force microscope (AFM) 10) . The ball specimens with the tribo-layer on the stainless steel and brass were cut and immersed in the water. Attentions have been paid not to contaminate the tribo-layer by the cutting fluid. In order to make a comparison, the indentation measurement in an atmospheric environment on the completely desiccated specimens was also carried out.
Indenters used in this research are the ones with a long shank to enable measurement in the water. The Berkovich-type indenter (a three-sided pyramidal diamond with an apical angle of 65.27°) 11) was used for the indentation measurement. For the shear strength measurement, a diamond spherical tip with the tip radius R = 7.1 µm, which was determined with AFM, was employed to avoid the plowing action.
The loading and unloading time were set to be 5 seconds for both the indentation and shear strength measurements. In the shear strength measurement, the tip was slid 5 µm with the speed of 0.167 µm/sec along the specimen. Then the shear strength τ s was determined with the measured tangential force F as follows.
where, A is contact area, which can be derived with the penetration depth h p under the assumption of the elastic contact as follows 11) .
( )
In Eq. (1), the plowing force was neglected since the absence of the plowing region was confirmed by post-scanned surface profiles obtained after the shear strength measurements. The coefficient of friction is also obtained by dividing F by the applied load. Force related with the water, such as the meniscus force, might be the difficult issue in the nano-scale measurement in the water. This kind of force was observed when the indenter was moved hundreds of microns. However, it was negligible small for the indentation below 1 µm (less than 0.2 µN). In the water are shown. Since no considerable difference was observed, it can be said that the nano-indentation measurement in water can be successfully conducted.
Results and discussion

Indentation measurement
A SEM image and AES depth profiles of the tribo-layer formed on the brass surface are shown in Fig.  3 . A mud-crack structure was observed on the tribo-layer (Fig. 3(a) ). Figure 3(b) shows that the tribo-layer contains small amount of C from the DLC and O, Mg and Ca from the water environment as well as the bulk material, which are Cu and Zn 8) . Figure 4 shows compliance curves of the tribo-layer described above. The larger penetration depth in the water at the same load indicates that the tribo-layer becomes softer when it is immersed in the water by the water absorption. The calculated hardness values in air and the water were 1.2 GPa and 0.7 GPa, respectively. The mud-crack structure shown in Fig. 3(a) might be formed when the specimen was desiccated for the SEM observation by losing the absorbed water. Figure 5 shows compliance curves of the tribo-layer formed on the stainless surface at the different temperatures. It can be seen that the tribo-layer at 20°C becomes softer in the water, but that does not hold true for the one at 80°C. The calculated nano-indentation hardness values at 20°C and 80°C were 1.6 GPa and 4.1 GPa, respectively. In Ref. (8), AES and XPS have revealed the difference in the chemical composition and the thickness of the tribo-layer. The tribo-layer at 20°C contains C, Ca and Mg. This layer may form a structure which absorb water in it, although, as of now, the exact structure is unknown. On the other hand, the tribo-layer at 80°C is mostly just an oxide layer, which may not absorb water in it. Also, the thickness of the tribo-layer at 20°C was about 500 nm, whereas it was about 150 nm at 80°C 8) . Hence, a good correlation between the chemical analysis and the mechanical properties was obtained. 
Shear strength measurement
where, A r is the real area of contact and P is the applied load. In the wear test, the diameter of the wear scar ranged from 500 to 700 µm at the load of 57/3 N 8,9) . The real area of contact A r can be assumed to be the apparent contact area under the assumption that the surface is fully covered with the gel-like layer 12, 13) . Then, µ can be estimated as shown in Fig. 8 (b) . The range of the estimated value agrees with the experimental results ( Fig. 8(a) ), except at the elevated temperature in tap water. The larger friction at the elevated temperature is due to lack of the tribo-layer, which must have led more frequent direct contact between the DLC and the metals. The conformation mentioned above might be a rough estimation. However, it at least shows that the obtained shear strength is in the reliable range. The reason for the different coefficient of friction between the shear strength measurements (Figs. 6(b) and 7(b) ) and the wear test (Fig. 8(a) ) is difference in the effective 14) . The thickness of the tribo-layer is large enough to lower the effective hardness for small load in the shear strength measurement, which results in an increase in the real area of contact, and hence, an increase in the coefficient of friction. On the other hand, the load is mostly supported by the substrate in the wear test because of the higher load, and the real area of contact is mostly determined by the apparent contact area and the region where the tribo-layer is formed, which resulted in lower coefficient of friction.
Conclusions
In this paper, the nano-indentation and shear strength measurements for the tribo-layers on stainless steel and brass formed by rubbing against the DLC were attempted in water. The nano-indentation measurement showed that the tribo-layer in the water is a water-absorbing, gel-like product. The shear strength measurement indicated the value between a few MPa and 10 MPa.
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